More efficient and physically smaller axial turbine designs are promoted to lower emissions and increase revenue. The physical size and the weight of the axial turbine can be minimised by adjusting the distance between successive stator and rotor rows. The influence of changing stator-rotor axial clearance can usually have either a positive or a negative influence on the turbine performance, and the reasons for this varying behaviour are not currently fully understood. A previous study revealed several design parameters that correlate with the efficiency curve shape. However, the effects of two parameters, namely the stator outlet Mach number and the reduced blade passing frequency, still remained unclear. Therefore, a novel approach is taken to analyse the correlations between the two design parameters and the axial clearance efficiency curve shape. Several different turbines are analysed using data available in the literature, and also new data are presented. The study suggests that the stator outlet Mach number correlates reasonably well with the efficiency curve shape, and it was further linked to five loss mechanisms and the rotational speed. Although the unsteady interaction plays an important role in the loss share, the level of unsteadiness did not correlate with the efficiency curve shape.
Introduction
Axial turbines are used, e.g. in gas turbines, steam turbines, as well as organic Rankine cycle applications, and the improvements in turbine efficiency will contribute directly to more energy-efficient processes. 1 The turbine designer is often required to minimise the size and weight of the machine, yet to maximise the efficiency. One way to decrease the size of a turbine is to decrease the clearance between the turbine stator and rotor, namely the axial clearance. This decrease might, however, influence not only the efficiency of the turbine, 2, 3 but also the blade excitation 4, 5 and the axial force. 6 The importance of the losses generated in the axial clearance in a two-dimensional loss share was shown by Mokulys et al. 7 ; their results indicated that these losses were the second highest after the stator profile loss.
The effect which the axial clearance has on the turbine performance can differ between turbines, and different loss mechanisms are reported to influence the curve shapes. In some studies, the efficiency decreases as the clearance increases. 3, 8, 9 However, some studies suggest a larger clearance to be more beneficial in terms of efficiency. 10, 11 This behaviour is illustrated in Figure 1 , where the efficiency change as a function of axial clearance is given relative to the zero axial clearance for turbines studied in this article. Considering the magnitude of the efficiency change due to axial clearance, differences of even a few percentage points may be realised in stage efficiencies. Maximum linear correlations are plotted as solid lines. It has been suggested that the axial clearance g/c x between 0.35 and 0.42 is a good choice to begin the design process with 12 (area shown between dotted lines). This choice is also close to the common design practices 7 where g/c x is 0.3-0.4. When the Mach number increases to transonic or supersonic values, the trailing edge shocks generate additional losses by interacting with the boundary layers of the neighbouring stator and also with the downstream rotor. It is also worth mentioning that the stator wake interacts with the downstream rotor and influences the rotor boundary layer as well as the rotor wake. 13 In addition, the mixing of the main flow, stator wakes, and shock waves cause losses in the stator-rotor axial clearance. As the axial clearance increases, the intensity of the trailing edge shock seems to decrease, as suggested by Denos et al. 14 An example of the mixing loss evolution is plotted in Figure 2 , showing an increase of losses as the Mach number approaches unity and the shocks begin to influence the flow field. The losses have been calculated from the measured data with the expression given by Benner et al. 15 and they form 20% of the overall mixed out losses of the cascade
The losses related to the decay of stator secondary flows due to a changing Mach number also influence the flow in the axial clearance. This is illustrated in Figure 3 where the secondary loss is presented as a function of distance from the trailing edge for different Mach numbers. 17 For subsonic Mach numbers, the importance of secondary losses seems to be higher than for transonic or supersonic flows. It is noticeable that in the range of typical axial clearance (x/c x ¼ 1.3-1.5), there is a secondary loss reduction visible in every Mach number. The study of Perdichizzi 17 also illustrated the influence of the Mach number on the secondary flow structures, which will further have influence on the interaction with the rotor blade and secondary flows. The increasing Mach number tends to push the passage vortex towards the endwall region, but also the shock waves can interact with the endwall boundary layer. It was shown that by increasing the distance from the trailing edge at supersonic Mach numbers, the mixing process leads to a more uniform loss distribution. The importance of shed and corner vortices is also greater compared to the passage vortex in loss generation when the Mach number is increased. The positions of the associated loss cores are also influenced by the Mach number. This will most likely also have an influence on the interaction between the secondary flows and the rotor, but also the interaction with rotor secondary flow structures can be influenced. The importance of secondary flows is also suggested to become smaller when the three-dimensional effects from shock waves begin to influence at higher supersonic Mach numbers.
Gaetani et al. 18 have identified a wake like behavior of the stator hub passage vortex showing bowing, stretching and chopping of the vortex. The described interaction with the rotor blade further influenced the rotor hub passage vortex development. This interaction was still found to influence the rotor outlet flow field even when the axial clearance was equal to stator axial chord. They concluded that the stator flow mostly affects the rotor hub region, while the channel above 60% of the span is almost unaffected due to mixing out of the vortices and wake. The smaller axial clearance seems to lead to more intense interaction between the stator and rotor, including both wake and vortex interaction.
As mentioned by Gaetani et al., 18 the main aspects of the two-dimensional interaction between the stator and rotor are related to the potential field and the wake. Funazaki et al. 13 have showed that the stator wake interacts with the downstream rotor and influences the rotor boundary layer but also the rotor wake. The mixing of the wake is strongly dependent on the axial clearance and the wake propagation depends mostly on the blade discharge angle. The potential field, however, is a more complex function of blade loading, loading position (front, aft, mid), suction side curvature, etc. The influence of the potential field is shown in a study by Mokulys et al. 7 indicating that major reductions in the axial clearance losses are possible by changing the rotor loading. This further indicates that different blade loading may lead to changes in the axial clearance-efficiency curve shape.
Axial clearance also influences the flow unsteadiness in the rotor. Several studies have found the rotor pressure fluctuation to be smaller when the clearance is increased, and this behaviour does not seem to require the presence of shock waves. 8, [19] [20] [21] Due to changes in pressure fluctuation, also unsteady work 22, 23 and the enthalpy change at the rotor inlet are influenced when the axial clearance changes.
Although the unsteady stator-rotor interaction is an important contributor to the overall turbine performance, it is a complex mechanism and it cannot be said whether the weaker interaction is always more beneficial or whether the stronger interaction should be the aim, as proposed by Rose et al. 23 The positivity or negativity of the stator-rotor interaction can also vary from hub to shroud, as shown by Yamada et al. 24 and Gaetani et al. 2, 18 In addition, Gaetani et al. 25 reported that the wake-induced interaction decreased the efficiency with larger clearances and the vortex-induced interaction with small clearances.
A previous study 12 concluded that there are five main loss sources that are affected by the axial clearance: (1) stator wake mixing with the main flow, (2) unsteady interaction between the stator wake and rotor blade, (3) changing rotor incidence, (4) endwall boundary layer losses and (5) stator trailing edge shock-related losses. The study was able to link four loss sources to the correlating design parameters, leaving only stator trailing edge shock related losses out of the analysis due to a lack of data. It was also suggested that the unsteady stator-rotor interaction should be included directly in the analysis. The current study has also highlighted the importance of the stator secondary flow structures, their decay and interaction with the rotor blade and its flow structures as an important loss contributor that is affected by the axial clearance.
This study aims to shed light on the correlations of the remaining two non-dimensional parameters by applying linear correlation analysis used in the previous article 12 and an earlier on by Turunen-Saaresti and Jaatinen. 26 First, the geometry and the numerical method used for the new turbine data are presented. Second, data available in the literature and the linear correlation analysis method are described. Third, the correlations of the stator outlet Mach number and reduced blade passing frequency (RBPF) are studied by analysing the influence of axial clearance on the loss mechanisms. Furthermore, suggestions for mechanisms behind the different curve shapes are given and the reasons for similarities between the stator outlet Mach number and the rotational speed curves are proposed.
Numerical methods and TFD turbine rig
The results labelled as 'TFD' have been obtained from numerical computations using the unsteady Reynolds-averaged Navier Stokes (URANS) flow solver for structured and unstructured grids referred to as TRACE (Turbomachinery Research Aerodynamics Computational Environment). The leading development of TRACE is done by the Institute of Propulsion Technology of the German Aerospace Center (DLR). The k-! turbulence model is used to account for turbulent effects. A correlation-based transition model calibrated to provide good results for natural-, bypass-, separation-and wake-induced transition is employed at the suctionside of the blades and vanes. All other walls are considered to be fully turbulent. All walls have a y þ -value of y þ < 1 and a corresponding approach is used to capture effects of major importance occurring within the boundary layer. The results of a grid dependency study and further information on the grid, geometry as well as spatial and temporal discretisation are presented in. 27 For the computations, a mesh with sufficiently fine grid-resolution is used.
The computations represent a 1½-stage turbine rig located at the Institute of Turbomachinery and Fluid Dynamics of the Leibniz Universita¨t Hannover, Germany. The stage loading Áh t /U 2 at the design operating-point amounts approximately to 1.95, and the corresponding flow coefficient is C x /U & 0.6. The overall blade loading is comparably small due to a high blade count in the second stator and rotor row. In the mid-span region, however, the blade loading is comparable to the blade loading of low-pressure aircraft turbines. Furthermore, in this region, the flowfield is characterised by a 2D flow-field. The Reynolds number based on the exit conditions and chord is comparably high (&600.000), and boundary-layer separation does not occur. Simulations are performed for three different axial clearances that correspond to 0.2c x , 0.5c x and 0.8c x . Recent studies on that rig have shown that cavity flow strongly influences the slope in efficiency due to changes in the axial clearance. 28 In order to obtain an isolated view neglecting the named effect, computations do not include cavities such as labyrinth-seals. Particularly for small axial clearances of 0.2c x , recent investigations have shown that clocking has a strong influence on the efficiency of the turbine. The presented slope accounts for that effect by providing an average value determined by simulations performed at different clocking positions.
Analysed data and linear correlation method
Several turbine geometries varying in their design values were analysed in order to study the effects of the stator outlet Mach number and reduced blade passing frequency. These test cases are described in Table 1 , presenting values in design operating conditions. Most of the data are taken from the referred publications or is calculated/estimated from the published data, but also new data are presented from the current TFD test case. Data gathered from the literature were obtained by measurements and unsteady numerical simulations.
To ensure that the data between different test cases are comparable, the following discussion concentrates on evaluating the comparability of the data sets. When examining the possible reasons that make the comparison between turbines challenging, the distances from the inlet plane to the first stator and from the last blade or vane to the outlet plane vary between most the cases. At the inlet, it is likely that this varying distance has a negligible influence on the results. However, at the outlet, the mixing process depends more on the distance from the last blade/ vane trailing edge. Benner et al. 15 assume that fully mixed out losses are reasonably estimated at the midspan when the measurement locations were at least 20% of axial chord length downstream of the trailing edge. All of the examined turbines fulfil this requirement. Another noticeable issue is the number of stages. Five of the test cases are single-stage turbines and two are 1.5 stage machines. Restemeier et al. 9 suggest that the second stator and the preceding axial clearance only has a minimal influence on the loss differences between the cases with different axial clearances. With this assumption, a direct comparison of single and 1.5 stage turbines is reasonable and a possible small error does not have a notable influence on the accuracy of the current analysis.
It is noteworthy that the direction and magnitude of the trailing edge shocks may variate from hub to shroud due to radial equilibrium. 29 Stronger shocks are expected at the hub and weaker at the shroud. The change in the shock angle also influences the interaction between the rotor blade and shock. This means that with some designs, there is the possibility that the flow is subsonic at some part of the span and elsewhere transonic and the interaction mechanism is different from a fully transonic case. It is, however, believed that the meanline values used here are representative to highlight the major phenomena inside a turbine.
The analysis began by assuming a linear correlation in all studied cases for the efficiency as a function of stator-rotor axial clearance in Figure 1 . The coefficient of determination R 2 was then used to evaluate the correlation of each fit separately. Table 2 presents the results of this analysis, suggesting relatively linear correlations for most of the turbines. A positive (or close to zero) value in the slope of efficiency curve k denotes a turbine which has increasing efficiency when the axial clearance is increased from its minimum, whereas a negative value denotes a turbine that has the best efficiency outside the minimum clearance. The weakness of the method used is that some of the turbines represent non-linear behaviour (see Figure 1) , and it can be questioned whether it is captured in the analysis. Therefore, extra care is taken to look behind the correlations in the analysis to avoid miss-interpretation of the results due to a lack of accuracy. It is also worth mentioning that parallel to the presented results, efforts were made to fit the data non-linearly. That study did not produce any further understanding in addition to the results presented here.
As the next step, the slope in efficiency values from Table 2 was assumed to represent the efficiency curve shapes of different turbines. After this assumption, the correlations between the two parameters from Table 1 and the slopes of efficiency were evaluated.
Correlations of stator outlet Mach number and reduced blade passing frequency Figure 4 presents the correlation between the stator outlet Mach number and the slope in efficiency. A good linear correlation with the coefficient of determination of 0.81 is found, and when only subsonic designs are considered, R 2 is 0.82. The indicated small change in the curve slope at Mach numbers above unity can be explained by the presence of 14 suggests, the shock wave magnitude decreases with the increasing axial clearance. This behaviour means that the shock waves interacting with the rotor blades are weaker and the losses in the rotor due to shock-rotor interaction are lower when the axial clearance increases. The described mechanism also explains why the two transonic turbines in Figure 1 experience increasing efficiency when the axial clearance is increased from its minimum value. However, a further increase of axial clearance does not lead to improved performance in the two transonic turbines, and therefore, the driving loss mechanism with larger clearances has to be something other than the shock wave-rotor interaction.
One explanation for the drop in the transonic turbine efficiency at a larger clearance is the increasing mixing losses, and another is the changes in statorrotor interaction, as explained by Busby et al. 30 The influence of mixing losses is quite straightforward: as the distance from the stator trailing edge increases, the losses due to mixing also increase. The influence of shock waves on the mixing loss is also clearly visible in Figure 2 , which shows that the overall mixing losses increase rapidly at Mach numbers approaching unity.
At subsonic Mach numbers, the mixing losses seem to have even higher importance at least with low pressure turbine designs. Muth and Niehuis 31 report that at low Reynolds numbers (Re ¼ 40000), the mixing loss can contribute 50% of the overall loss share in a cascade, and at higher Reynolds numbers, they will drop to 35% (Re ¼ 400,000). If the operating conditions are kept constant or nearly constant, the increase of the Reynolds number also increases the Mach number, and the conclusions of Muth and Niehuis 31 are valid in the current analysis. The Mach number is also connected to the endwall boundary layer growth and its interaction with the rotor at hub and tip areas. A simple boundary layer thickness analysis over a flat plate shows that an increase of the Reynolds number decreases the thickness of a boundary layer. If the assumptions for constant or nearly constant operating conditions are met, at transonic flows the endwall boundary layers are thinner than they are at subsonic velocities, and therefore, the losses related to thicker viscous boundary layer interaction should also be more important at subsonic designs.
Based on the analysis, the importance of mixing and endwall boundary layer interaction losses can be more significant at low stator outlet Mach number levels than at higher Mach numbers. If the mixing and endwall boundary layer losses are the dominating mechanisms, a drop in the efficiency would be realised with increasing clearance. However, the curve shape in Figure 4 indicates the opposite behaviour where the slope of efficiency can also be positive or the maximum efficiency is reached outside the minimum clearance. This change in the slope gives an indication that the unsteady statorrotor interaction might play a larger role in the overall loss share as the Mach number increases.
An effort to shed some light on the unsteady mechanisms behind the different curve shapes is made by combining understanding from the cascade measurements with the current understanding about the unsteady interaction mechanisms with different axial clearances. As was shown by Perdichizzi, 17 the increase of the stator outlet Mach number makes the shed and corner vortex more important than the passage vortex is. On the other hand, Gaetani et al. 18 showed that with very large axial clearance (g/c x ¼ 1), the stator hub shed vortex is still interacting with the rotor hub passage vortex, but other stator structures are mixed out after the rotor. This indicates that as the Mach number increases and the maximum efficiency is reached with respect to the axial clearance, the interaction between the shed and corner vortex with the rotor blade and its secondary structures could start to produce additional (to mixing and end wall boundary layer) losses which lead to a drop of efficiency. Although the interaction of the potential field and wake with the following rotor blade seems to have a great influence on the losses as the axial clearance changes, 18, 25 it is yet unclear what kind of influence the stator outlet Mach number has on this loss mechanism. The study by Perdichizzi 17 suggested that the spanwise position of the two-dimensional flow is influenced by the Mach number, which indicates that the influence on the interaction exists.
The found Mach number correlation can be also connected to the correlation between the rotational speed and the slope in efficiency, to put it into an even larger context. Chang and Tavoularis 19 conclude in their literature review that the efficiency trend as a function of axial clearance in high pressure turbines depends on rotational speed. Figure 5 illustrates this behaviour for several turbine geometries (including both high and low-pressure designs), and it is noticeable that the curve trend is somewhat similar to the Mach number trend with one outlier. 19 Note that the R 2 value is calculated without the outlier, which is not shown in the figure. The outlier is most likely due to the markedly higher speed of sound compared to the other studied cases.
To explain the similarity between Figures 4 and 5, the velocity triangles of the different designs and the operating conditions are examined. Figure 6 presents the stator outlet/rotor inlet velocity triangles for five turbines at midspan. It is common knowledge that, the peripheral speed is a function of the rotational speed and the radius. In the five turbines shown in Figure 6 , the radii in different designs are reasonably close to each other, and therefore the differences in velocity triangles result mostly from the rotational speed and mass flow. In addition, the relative flow angles do not markedly differ between the designs, which means that the increasing peripheral velocity (or rotational speed) will also increase the absolute velocity. On the other hand, the Mach number depends on the absolute flow velocity and static temperature (fluid is air for the five turbines in Figure 6 ), and the temperature and pressure ratio levels especially below Mach 1 are close to each other. Therefore, the absolute flow velocity almost linearly represents the stator outlet Mach numbers.
The flow unsteadiness has been shown to be influenced by the axial clearance variation by many authors. 8, [19] [20] [21] Figure 7 illustrates how the magnitude of unsteadiness influences the shape of the efficiency curves. As can be seen, there is no clear correlation between the reduced blade passing frequency and the slope of efficiency for the studied turbine geometries. Two of the cases have an RBPF close to four, but the slopes of efficiency are drastically negative (an increase in the axial clearance will decrease the efficiency). Other cases seem to present a weak trend where the increase of the RBPF will lead to designs which will result in higher efficiency when the axial clearance is increased from its minimum value; the data are, however, too limited to draw a strong conclusion.
The observed lack of correlation raises the question of why the RBPF does not correlate with the slope of efficiency although the unsteady interaction is clearly important. One answer to this is that the level of unsteadiness itself is not the driving mechanism for different axial clearance effects. Another explanation is that the RBPF mostly influences the rotor efficiency and, therefore, a weak impact on the mixing of stator structures in the axial clearance is expected. The stator outlet Mach number, however, seems to have an influence on several loss mechanisms and may be one of the most important design parameters influencing the different efficiency curve shapes.
To highlight the importance of the M 2 over RBPF, a combined analysis was made to fit the M 2 and RBPF simultaneously with the efficiency curve shape by using linear least squares fitting. Although the identified correlation is strong, R 2 ¼ 0.95, the influence of the RBPF is less than 1% of the one that the stator outlet Mach number has (k ¼ À3:774 þ 5:418 M 2 À 0:034 RBPF). This finding is a clear indication that the influence of the RBPF as a correlating parameter is negligible and supports the results of studying the correlations separately.
Conclusions
The study conducted suggests that there is a correlation between the stator outlet Mach number and the slope of the efficiency curve. The increasing Mach number changes the efficiency curve shape, as a function of stator-rotor axial clearance, in a direction where increasing the clearance from its minimum value results in improved efficiency.
The stator outlet Mach number was linked to five loss mechanisms: stator wake mixing with the main flow, unsteady interaction between the stator wake and rotor blade, endwall boundary layer losses, stator trailing edge shock-related losses and the stator secondary flow structures, and their decay and interaction with the rotor blade and its flow structures. The similarities between the rotational speed and the Mach number curve shapes were also found to result from reasonably similar temperature and pressure levels and flow angles between the studied turbines.
It was also found that the reduced blade passing frequency does not correlate with the shape of the efficiency curve, although the unsteady stator-rotor interaction plays an important role in the curve shape. The influence of the unsteady interaction also seems to be positive in many of the studied turbines when the axial clearance increases, causing the optimal clearance to be other than the minimum value.
The results may have a significant influence on the future development of a correlation that can predict the influence of changing axial clearance on the turbine performance. The stator outlet Mach number will play an important role in the correlation, since it will influence five of the six loss mechanisms. Initial plans have been made to develop the correlation in future studies together with quantifying the share of each loss mechanism from the total loss budget.
Considering the application of the results obtained on multi-stage turbines, the change of axial clearance might have a similar influence on losses regardless of whether stator-rotor or rotor-stator clearance is considered. This behaviour can be justified if the driving loss mechanisms remain reasonably similar despite the considered clearance position being before or after the stator/rotor. Support for the given suggestion can be found from the transonic axial compressor study of Li and He, 32 where the compressor maximum efficiency was found outside the minimum clearance when the rotor-stator clearance was changed. The observed performance change is in line with the transonic turbine studies. 10, 19 However, to be certain, more research is required on multi-stage turbines. 
